In this article, we assume that there exist hidden charmed tetraquark states with the spin-parity J P = 1 − , and calculate their masses with the QCD sum rules. The numerical result indicates that the masses of the vector hidden charmed tetraquark states are about M Z = (5.12±0.15) GeV or M Z = (5.16± 0.16) GeV, which are inconsistent with the experimental data on the π + χ c1 invariant mass distribution. The hidden charmed mesons Z 1 , Z 2 or Z may be scalar hidden charmed tetraquark states, hadro-charmonium resonances or molecular states.
Introduction
The Babar, Belle, CLEO, D0, CDF and FOCUS collaborations have discovered (or confirmed) a large number of charmonium-like states [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11] , and revitalized the interest in the spectroscopy of the charmonium states [12, 13, 14, 15] .
The X(3940) decaying into D * D and the Z(3930) decaying into DD have been tentatively identified as candidates for the missing charmonium states η [12, 13, 14, 15] .
Many possible assignments for those states have been suggested, such as multiquark states (whether the molecular type [16, 17] or the diquark-antidiquark type [18, 19, 20] ), hybrid states [21, 22, 23] , charmonium states modified by nearby thresholds [24, 25] , threshold cusps [26] , etc.
The observed decay channels are J/ψπ + π − or ψ ′ π + π − , an essential ingredient for understanding the structures of those mesons is whether or not the ππ comes from a resonance state. For example, there is an indication that the Y (4660) has a well defined intermediate state in the ππ invariant mass distribution, which is consistent with the scalar meson f 0 (980) [27] , the Y (4660) can be taken as a f 0 (980)ψ ′ bound state [28] ; though other interpretations such as a baryonium state [29] or a canonical 5 3 S 1 cc state [30] are not excluded. The Z + (4430) observed in the ψ ′ π + decay mode is the most interesting subject [31] . It can't be a pure cc state due to the positive charge. There are many theoretical interpretations for its structures, such as the hadro-charmonium resonance [14, 32] , the molecular D * D 1 (D ′ 1 ) state [33, 34, 35, 36, 37, 38] , the tetraquark state [39, 40, 41, 42, 43] , the cusp in the D * D 1 channel [44] , the radially excited state of the D s [45] , etc. We can distinguish the multiquark states from the hybrids or charmonia with the criterion of non-zero charge.
Recently the Belle collaboration reported the first observation of two resonancelike structures (thereafter we will denote them as Z 1 and Z 2 respectively) in the π + χ c1 invariant mass distribution near 4.1 GeV in the exclusiveB [46] . Their quark contents must be some special combinations of the ccud, just like the Z + (4430), they cannot be the conventional mesons. The Breit-Wigner masses and widths are about M 1 = 4051 ± 14 The Z (denote the Z 1 and Z 2 ) lie about (0.5−0.6) GeV above the π + χ c1 threshold, the decay Z → π + χ c1 can take place with the "fall-apart" mechanism and it is OZI super-allowed, which can take into account the large width naturally. The spins of the Z 1 and Z 2 are not determined yet, they can be scalar or vector states [46] .
If they are scalar mesons, the decays Z → π + χ c1 occur through the relative Pwave with the phenomenological lagrangian L = gχ α (π∂ α Z − Z∂ α π). On the other hand, if they are vector mesons, the decays occur through the relative S-wave with the phenomenological lagrangian L = gχ α Z α π. The typical decay mode Z → D +D0 is kinematically allowed, and the width may be comparable with the corresponding ones of the decay mode Z → π + χ c1 , we can determine the spins of the Z with the angular distributions of the final states D +D0 . If the decays Z → D +D0 are not observed (or the widths are rather narrow), the Z may be hadro-charmonium resonances [14] , i.e. bound states of a relatively compact charmonium (χ c1 ) inside a light hadron (π + ) having a larger spatial size, the decays Z → π + χ c1 occur with the "fall-apart" mechanism; the decays Z → D +D0 take place through the final-state re-scattering effects, Z → π + χ c1 → D +D0 , the widths may be very narrow.
The masses of the D + andD 0 are about M D = 1.87 GeV, the Z may also be Pwave D +D0 molecular states with the spin-parity 1 − , as the additional contribution from the relative P -wave is about 0.5 GeV in the potential quark models, the decays Z → D +D0 occur through "fall-apart" mechanism and have much larger widths than the corresponding decays Z → D +D0 → π + χ c1 , which occur through final-state rescattering effects. One may also think that they are
GeV, the bound energy is about (0.2 − 0.4) GeV, which may be beyond capacity of the one-π and one-σ exchange.
The mass is a fundamental parameter in describing a hadron, in order to identify the Z 1 and Z 2 as tetraquark states, we must prove that the masses of the corresponding tetraquark states lie in the region (4.1 − 4.3) GeV. Furthermore, whether or not there exist such hidden tetraquark configurations is of great importance itself, because it provides a new opportunity for a deeper understanding of low energy QCD.
In this article, we assume that the hidden charmed mesons Z 1 and Z 2 are vector tetraquark states, which consist of a pseudoscalar (scalar) diquark and an axialvector (vector) antidiquark, and study their masses with the QCD sum rules [47, 48] . As their spins are not determined yet, they may also be scalar hidden charmed tetraquark states, we study this possibility with the QCD sum rules [49] .
In the QCD sum rules, operator product expansion is used to expand the timeordered currents into a series of quark and gluon condensates which parameterize the long distance properties of the QCD vacuum. Based on current-hadron duality, we can obtain copious information about the hadronic parameters at the phenomenological side.
It is difficult to distinguish the mesons Z 1 and Z 2 with the QCD sum rules approach, as the mass gap between them is very small. The mesons Z 1 and Z 2 lie in the region (4.0 − 4.3) GeV, we study whether or not there exist 1 − hidden charmed tetraquark states Z in this energy region and possible tetraquark identification of the mesons Z 1 and Z 2 . Furthermore, the π + χ c1 invariant mass distribution amplitude can also be represented by a single Breit-Wigner mass formula, M Z = 4150 . The article is arranged as follows: we derive the QCD sum rules for the masses and pole residues of the Z in section 2; in section 3, numerical results and discussions; section 4 is reserved for conclusion.
QCD sum rules for the tetraquark states Z
In the following, we write down the two-point correlation functions Π µν (p) (denote Π J µν (p) and Π η µν (p)) in the QCD sum rules,
we choose the vector currents J µ (x) (C − Cγ µ type) and η µ (x) (Cγ 5 − Cγ µ γ 5 type) to interpolate the tetraquark states Z, the f Z is the pole residue and the ǫ µ is the polarization vector. If there exist vector tetraquark states Z in the π + χ c1 invariant mass distribution, it is convenient to construct the tetraquark currents with the pseudoscalar (scalar) diquark and axial-vector (vector) antidiquark, as the mesons π and χ c1 have the spin-parity 0 − and 1 + respectively, the decays Z → π + χ c1 can occur through relative S-wave. We can also interpolate the vector tetraquark states with the currents J 1 µ (x) and η
which consist of a pseudoscalar (scalar) antidiquark and an axial-vector (vector) diquark. Our analytical results indicate that the current J µ (x) (η µ (x)) and J 
due to Lorentz covariance. The invariant functions Π 1 and Π 0 stand for the contributions from the vector and scalar mesons, respectively. In this article, we choose the tensor structure g µν − pµpν p 2 to study the masses of the vector mesons. Basing on the quark-hadron duality [47, 48] , we can insert a complete series of intermediate states with the same quantum numbers as the current operators J µ (x) and η µ (x) into the correlation functions Π µν (p) to obtain the hadronic representation. After isolating the ground state contribution from the pole terms of the Z, we get the following result,
In the following, we briefly outline operator product expansion for the correlation functions Π µν (p) in perturbative QCD theory. The calculations are performed at large space-like momentum region p 2 ≪ 0. We write down the "full" propagators S ij (x) and C ij (x) of a massive quark in the presence of the vacuum condensates firstly [48] ,
where sg s σGs = sg s σ αβ G αβ s and
, then contract the quark fields in the correlation functions Π µν (p) with Wick theorem, and obtain the result:
Substitute the full u, d and c quark propagators into the correlation functions Π µν (p) and complete the integral in the coordinate space, then integrate over the variables in the momentum space, we can obtain the correlation functions Π 1 (p 2 ) at the level of quark-gluon degrees of freedom. Once analytical results are obtained, then we can take current-hadron duality below the threshold s 0 and perform Borel transform with respect to the variable P 2 = −p 2 , finally we obtain the following sum rules:
where We carry out operator product expansion to the vacuum condensates adding up to dimension-6. In calculation, we take assumption of vacuum saturation for high dimension vacuum condensates, they are always factorized to lower condensates with vacuum saturation in the QCD sum rules, factorization works well in large N c limit. In this article, we take into account the contributions from the quark condensates, mixed condensates, and neglect the contributions from the gluon condensate. In calculation, we observe the contributions from the gluon condensate are suppressed by large denominators and would not play any significant roles [50, 51, 52, 53, 54] . Furthermore, we neglect the terms proportional to the m q (= m u = m d ), their contributions are of minor importance and can be neglected safely.
Differentiating the Eq.(13) with respect to 1 M 2 , then eliminate the pole residue f Z , we can obtain two sum rules for the masses of the Z,
Numerical results and discussions
The c-quark mass appearing in the perturbative terms (see e.g. Eq. (14)) is usually taken to be the pole mass in the QCD sum rules, while the choice of the m c in the leading-order coefficients of the higher-dimensional terms is arbitrary [55] . It is convenient to take the pole mass m c = (1.3 ± 0.1) GeV [55] . The MS mass m c (m 
, where K depends on the flavor number n f . In this article, we take the approximation m c ≈m without the α s corrections for consistency. The value listed in the PDG is m c (m [47, 48, 56] . In the conventional QCD sum rules [47, 48] , there are two criteria (pole dominance and convergence of the operator product expansion) for choosing the Borel parameter M 2 and threshold parameter s 0 . In calculation, we usually consult the experimental data in choosing those parameters.
The Belle collaboration observed the resonance-like structures Z 1 and Z 2 in the π + χ c1 invariant mass distribution near 4.1 GeV in the exclusiveB [46] . The Breit-Wigner masses and the widths are about M 1 = 4051 ± 14 2 GeV 2 ≈ 23 GeV 2 , where we choose the separation between the ground states and first radial excited states to be 0.5 GeV.
The present experimental knowledge about the phenomenological hadronic spectral densities of the tetraquark states is rather vague, whether or not there exist tetraquark states is not confirmed with confidence, and no knowledge about the high resonances; we can borrow some ideas from the baryon spectra [57] .
For the octet baryons with the quantum numbers I(J P ) = 1600) is M 1600 = (1550 − 1700) MeV ≈ 1600 MeV [57] . The mass gap between the ground states and first radial excited states can be chosen as 0.5 GeV. In this article, the central value of the threshold parameter s 0 = 23 GeV 2 makes sense. However, the threshold parameter s 0 = 23 GeV 2 cannot result in a reasonable Borel window, we have to postpone it tentatively to larger values. It is not an indication that non-existence of the vector hidden charmed tetraquark states below 4.7 GeV; in other words, the QCD sum rules alone cannot indicate (non-) existence of the multiquark states strictly.
If the multiquark states exist indeed, we can release the criterion of pole dominance and take a more phenomenological analysis with the QCD sum rules. One may refuse the value extracted from continuum dominating QCD sum rules as quantitatively reliable if one insists on that the contribution from the pole term should be larger than (or about) 50% (for detailed discussions about this subject, one can consult Ref. [50] ). In the present case, the numerical results indicate that the threshold parameter s 0 > 30 GeV 2 can lead to possible Borel window, we take the value s 0 = (32 ± 1) GeV 2 . With the central values of the input parameters, the contribution of the condensate (of the largest dimension)2 is less than 28% (32%) at the value M 2 ≥ 3.4 GeV 2 , and the contribution decreases quickly to about 10% (11%) at the value M 2 = 4.5 GeV 2 for the C − Cγ µ (Cγ 5 − Cγ µ γ 5 ) type interpolating current. In this article, the Borel parameter can be taken as M 2 ≥ 3.4 GeV 2 , we expect the operator product expansion is convergent.
The contribution of the pole term is lager than 50% (49%) at the value M 2 ≤ 4.5 GeV 2 , and the pole contribution is about (50 − 74)% ((49 − 71)%) at the value M 2 = (3.4 − 4.5) GeV 2 for the C − Cγ µ (Cγ 5 − Cγ µ γ 5 ) type interpolating current, again we take the central values of the input parameters. If we take into account the uncertainty of the threshold parameter, s 0 = (32 ± 1) GeV 2 , the pole contribution is about (48 − 77)% ((45 − 75)%). The Borel parameter can be taken as M 2 = (3.4 − 4.5) GeV 2 , where two criteria of the QCD sum rules are full filled [47, 48] . From the Figs.1-2 , we can see that the sum rules are not stable enough below the value M 2 = 3.8 GeV 2 . In the article, the Borel parameter and the threshold parameter are taken as M 2 = (3.8 − 4.5) GeV 2 and s 0 = (32 ± 1) GeV 2 , respectively. For the tetraquark states consist of light flavors, if the perturbative terms have the main contribution (in the conventional QCD sum rules, the perturbative terms are always have the main contribution), we can approximate the spectral density with the perturbative term (where the A are some numerical coefficients) [58] ,
take the pole dominance condition,
and obtain the approximated relation,
The superpositions of different interpolating currents can only change the contributions from different terms in the operator product expansion, and improve convergence, they cannot change the leading behavior of the spectral density ρ(s) ∝ s 4 of the perturbative term [58] .
This relation is difficult to satisfy for the light flavor tetraquark states [50, 51, 52, 53, 54] , however, it is not an indication that non-existence of the tetraquark states. The hidden charmed and bottomed tetraquark states, and open bottomed tetraquark states may satisfy the relation, as they always have larger Borel parameter M 2 and threshold parameter s 0 [20, 34, 59, 60] . Although the relation is derived for the light flavor quarks in the massless limit, the c and b are heavy quarks.
For examples, in Ref. [59] , the authors take the X(3872) as hidden charmed tetraquark state and calculate its mass with the QCD sum rules, the Borel parameter and threshold parameter are taken as M 2 = (2.0−2.8) GeV 2 and s 0 = (17−18) GeV 2 ; in Ref. [34] , the authors take the Z(4430) as hidden charmed molecular state and calculate its mass with M 2 = (2.5 − 3.1) GeV 2 and s 0 = (23 − 25) GeV 2 . In those sum rules, the relation in Eq. (18) can be well satisfied.
In this article, s 0 /M 2 > 6.8, the relation in Eq. (18) is certainly satisfied. The relation can serve as an additional constraint in choosing the Borel parameter and threshold parameter, it alone cannot lead to satisfactory results, as a number of values of the Borel parameter and threshold parameter satisfy the relation.
Taking into account all uncertainties of the input parameters, finally we obtain the values of the masses and pole residues of the Z, which are shown in Figs.(1-2) ,
for the C − Cγ µ type and Cγ 5 − Cγ µ γ 5 type interpolating currents respectively. In numerical calculations, we observe the uncertainties come from the parameter m 
Conclusion
In this article, we assume that there exist hidden charmed tetraquark states with with the spin-parity J P = 1 − , and calculate their masses with the QCD sum rules. The numerical result indicates that the masses of the vector hidden charmed tetraquark states are about M Z = (5.12 ± 0.15) GeV or M Z = (5.16 ± 0.16) GeV, which are inconsistent with the experimental data on the π + χ c1 invariant mass distribution. The hidden charmed mesons Z 1 , Z 2 or Z may be scalar hidden charmed states, hadro-charmonium resonances or molecular states.
